This paper studies the vertical dynamic properties of a beam-like bridge attached with standing people. A purpose-built lively bridge was constructed. Model properties of the empty structure are obtained using ambient vibration testing method. Experimental tests of the bridge attached with standing people were also conducted covering a variety of densities of occupants and different postures. The considerable number of participants and repetitions makes it possible to take into account inter-and intrasubject variability. To illustrate the variations of dynamic properties of the structure, a mathematic model of standing people-structure interaction system is developed employing the single degree-of-freedom (SDOF) human body model. It is shown that the model developed herein can effectively illustrate the experimental observations. Based on the model, the effect of damping and natural frequency of the human body on dynamic properties of the occupied structure is scrutinized. Results show that the modal properties of the human body contribute remarkably to the structural damping but little to the structural natural frequencies.
Introduction
Human-structure interaction (HSI), first introduced by Griffin [1] , has become a consensus and frontier research area both in biomechanical engineering and in civil engineering communities. Extensive research interest has mounted on the modeling of HSI phenomenon, aimed at obtaining a better illustration of in site or experimental observations in lateral (Fujino et al. [2] ; Dallard et al. [3, 4] ; Macdonald [5] ) or in vertical vibrations (Ellis and Ji [6] ; Falati [7] ; Brownjohn [8] ; Sachse et al. [9] ; Brownjohn et al. [10] ; Zivanovic et al. [11] ; Reynolds and Pavic [12] ; Silva and Thambiratnam [13] ; Jones et al. [14] ; Salyards et al. [15, 16] ; An et al. [17] ; Dey et al. [18] ) of slender flexible structures.
Some remarkable experimental work, either in laboratory or in real-life structures, has yielded results indicating variations in frequencies (decrease or increase) and an increase in structural damping of the occupied structure. The changes on dynamic properties mainly depend on natural frequency of the structure, the posture of the occupants, and the mass ratio of occupants to structure. As a matter of fact, the interaction between human body and structure may effectively change the characteristics of the system, especially for large mass ratio cases [6] . A better understanding of the dynamic characteristics of crowd-occupied structures will be helpful to structural design and vibration control of these structures, especially if vibration serviceability is controlling the design.
Generally, there are two representative models of the vertical human body. One considers the body as spring-massdamper (SMD) systems. This model is based on experimental observations of frequency response functions (FRFs) of vertical human body. It has been experimentally demonstrated that an individual or a crowd acts at least as a single degreeof-freedom (SDOF) system when the individual or crowd is stationary, such as sitting or standing [19, 20] . SDOF human model is widely adopted although multi-degree-of-freedom model may improve the results of simulation [21, 22] . The other model is called continuous bar model. In 1995, Ji [23] proposed a biomechanical continuous bar model to simulate the vertical vibration of human body. This model gives an alternative to modeling HSI and has been adopted by Zhou et al. [24, 25] in their recent research. Compared with the SDOF model, the rationality of the bar model has not been experimentally verified. Moreover, the continuous bar model 2 Mathematical Problems in Engineering is more complicated in computation and it is difficult to determine the distributed stiffness and damping parameters of the human body.
Corresponding to the human body model, there are two representative methods of modeling the vertical vibration of HSI. One is called separated modeling method [25] , which considers the structure and the crowd as independent SDOF system, and the crowd-occupied structures could be treated as the damped 2-degree-of-freedom (2DOF) representations [26] . This model is efficient in qualitatively illustrating the variations of dynamic properties of crowd-occupied structures. However, as the structure is simplified as a SDOF system, the model basically ignores the effect of higher modes and cannot consider the effect of distribution of crowds. The other method of modeling the vertical vibration of HSI is called integrative method [25] ; that is, the body and the structure are treated as an inseparable whole. Zhou et al. [25] developed a 2DOF system to describe the coupled vibration of the body and the structure, in which one degree is from the human body and the other degree from the structure. It is worth noting that this method also ignores the contribution of higher modes of the structure and cannot consider the effect of distribution of crowds. Moreover, it is challenging to determine the parameters of the model, especially the coupled mass and stiffness and damping parameters. This paper studies the vertical dynamic characteristics of a beam-like bridge attached with standing people via both experimental and theoretical modeling work. A detailed experimental test was conducted for both the empty bridge and the bridge occupied with different sizes of participants. To illustrate the experimental observations, a coupled model of standing people-bridge interaction system is developed, in which the bridge is modeled as a simply supported beam and the human body as SDOF spring-mass-damper system. Based on the model, the effect of modal properties of the human body on dynamic properties of the occupied structure is considered in detail. The main objective of this study is twofold: (1) part of it is to examine the capability of the proposed model in modeling the HSI; (2) the authors hope the comparatively detailed experimental work can help in a better understanding of the HSI and enriching the current experimental database on this issue, especially for lightweight bridges.
The paper is structured as follows. Section 2 describes the details of the experiment. The problem concerned herein is formulated in Section 3. The effectiveness of the proposed model is examined in Section 4. Based on the model, the effect of the standing people on dynamic properties of the structure is investigated through numerical examples covering a range of parameters.
Experiment

Description of the Test Bridge.
A flexible, lightweight bridge (see Figure 1 ) was constructed for the experimental investigation. The bridge is 10.5 m long in length and 1 m in width. A composite (steel-concrete) cross section is employed in the design. The composite cross section consisted of two steel I-section beams HW100 × 100 × 6 × 8 (depth × flange width × web thickness × flange thickness) and a 120 mm thick deck made of class 30 concrete. A 6 mm thick antiskid steel plate welded on top of the I-profile beam was also utilized serving as formwork when casting concrete. The composite action is achieved by means of shear studs (diameter 12 mm, length 75 mm) welded to the steel plate on top of the two beams. To provide full interaction between the steel and concrete, the studs are spaced at 250 mm. The span length of the bridge is 10.3 m. The total mass of the bridge is 3500 kg.
Modal Properties of the Bridge.
Modal tests using ambient vibration method [27, 28] were performed. Previous modeling of the structure indicates that the first lateral frequency of the bridge is over 18 Hz. In the present study, only the vertical vibration is concerned.
Measurement points were chosen to both sides of the bridge and a total of 38 locations ∼19 points per side were selected. The accelerometers were installed on the surface of the bridge in the vertical directions. Figure 2 shows the location of the measuring points on the bridge. Bruel & Kjaer 4507B piezoelectric accelerometers, having a nominal sensitivity of 1 mV/g and the frequency range from 0.3 Hz to 6000 Hz, were employed for response measurements. The data were acquired using PULSE data acquisition software. The sampling frequency is 200 Hz. The duration of the recording period is one hour which ensures efficient length of test data.
The stochastic subspace identification (SSI) method (Overschee and de Moor [29, 30] ; Peeters and de Roeck [31] ; Ren et al. [32] ) was employed for modal parameter identification. The data processing and modal parameter identification were carried out using Matlab software. Table 1 summarizes the dynamic characteristics of the bridge identified from ambient vibration test data. The mode shapes of the bridge are shown in Figure 3 . It can be seen from Table 1 that the bridge has a very low vertical frequency, light damping, and light weight. Note that the 2nd and 3rd vertical vibration frequencies are 3.92 and 8.37 times, respectively, of that of the 1st mode, which indicates that the bridge behaves closely to an ideal simply supported beam (in that case, 4 and 9 times, respectively).
Numerical Modeling of the Bridge.
A finite element (FE) model of the bridge (Figure 4 ) was developed employing beam and shear elements in ANSYS software for further investigation of the problem. The steel I-profile beams were modeled using 3D BEAM4 elements. The concrete deck and the supporting steel plate were modeled using orthotropic SHELL63 elements assuming isotropic properties. These elements are capable of transferring both in-plane and out-ofplane loads. The steel shear studs were not incorporated in the FE model to reduce the number of elements. The beam and the deck were assumed to be closely bonded during vibration. Modeling parameters: Young's modulus for steel and concrete is 200 and 30 GPa, respectively; material density for steel and concrete is 7850 and 2600 kg/m 3 , respectively; and Poisson's ratio for steel and concrete is 0.3 and 0.2, respectively. Supports at both ends of the bridge were modeled as pinned, but with a possibility of sliding free in the longitudinal TP1  TP3  TP5  TP7  TP9  TP11  TP13  TP15  TP17  TP19  TP21  TP23  TP25  TP27  TP29  TP31  TP33  TP35  TP37   TP2  TP4  TP6  TP8  TP10  TP12  TP14  TP16  TP18  TP20  TP22  TP24  TP26  TP28  TP30  TP32  TP34  TP36  TP38   570  590  570  570  570  570  570  570  590  570  570 direction. Specifically, all the translational degrees of freedom were restricted for one support, while only the vertical and the lateral translational degrees of freedom were restricted for the other support. The FE model of the bridge has 887 elements and 780 nodes in total. Modal properties of the structure were obtained by modal analysis using the finite element model (shown in Figure 5 ). Comparison between Figures 3 and 5 indicates a good match between the numerical modeling and the experimental results.
Experimental Setup
Test Subjects.
Twenty-three test subjects (TSs), twentyone males and two females, volunteered to participate in the experiments. The general characteristics of the TSs, in terms of the average ± one standard deviation, are age 21.0 ± 1.2 years, height 1.73 ± 0.07 m, and mass 68.1 ± 12.5 kg. Their basic properties are presented in Table 2 .
Test Cases.
Two different postures of TSs were considered in the experiment: (1) standing with straight knees and (2) standing with bent knees. Numbers of TSs including 1, 3, 5, 7, 9, 13, and 15 persons on the bridge were also taken into account in the experiments, resulting in a range of mass ratios. The positions of test subjects of various crowd sizes were given in Figure 6 . TSs were positioned symmetrically with respect to the mid-span of the bridge at an equal distance of 0.7 m so they can behave freely. Besides, all test subjects were involved in single-person tests to account for intersubject variability.
To get a stronger excitation of the structure and improve the quality of test signals, the heel-impact method was employed. Previous studies indicated that heel-impact method can successfully reveal the dynamic behavior of structures [33, 34] . For straight-knees posture, TSs were instructed to raise their heels and stand on tiptoe (Figure 7(a) ) and then drop their heels suddenly and keep knees straight simultaneously (Figure 7(b) ), while for bent-knees posture TSs were instructed to bend their knees as heels dropping (Figure 7(c) ). A metronome was used to guide the TSs in same pattern during the tests. Before the experiment started, prior training was performed to ensure that TSs were familiar with the testing process. Each test was repeated five times. Six accelerometers were placed on the lower flange of the I-section beam to measure the vertical acceleration responses of the bridge: measuring points 2 and 3 on the mid-span and measuring points 1, 4, 5, and 6 on the quarter-span, respectively, that is, three points per side, as shown in Figure 8 .
Methodology and Results.
For each test, vibration signals were recorded and only the free decay responses were selected to calculate natural frequency and damping. As the vibration frequencies of the bridge are sparsely spaced (see Table 1 ), the responses of free vibration signals could be decomposed at each dominating component using a band-pass filtering method. Each dominating harmonic consisted of a single frequency component and can be treated as a generalized SDOF system. The damping ratio of the SDOF system can be estimated using the logarithmic decrement method. Figure 9 shows examples of recorded mid-span acceleration responses of the bridge in the time and frequency domains from single-person tests for straight-knees and bent-knees postures. It is clear that acceleration of the bridge increases sharply when the heels of TS suddenly dropped on the deck; then it gradually decreases in a free attenuation manner when the TS is totally attached on the deck. Greater structural damping could be observed for the bent-knees posture compared with the straight-knees posture. As the impact position is in mid-span, the responses of the bridge are dominated by the first vertical frequency component. Figure 10 describes the Fourier spectra of all test plots obtained on measuring point 1 for case of single TS with straight-knees posture. As shown in Figure 10(b) , the fundamental frequency of the bridge decreases after TS's occupation. All plots indicate similar trend; even some dispersion occurs. A probable illustration for dispersion in the frequency domain could be attributed to the intersubject variability on biomechanical nature of the human body [11] . Besides, the magnitude of the spectrum varies between individuals.
Factors including differences in TSs' body weight and height of heel raise (and thus leading to different energy input), as well as human biomechanical properties, may all contribute to the discrepancy.
As the main harmonics in the frequency domain are sparsely spaced, a filtering method is employed in estimation of the damping ratio. In this study, only the first mode is considered. All signals are filtered using a band-pass fifthorder Butterworth filter. The cut-off frequency of the filter is 1 to 4 Hz. Table 3 summarizes the mean value of 1st vertical bending frequency and modal damping ratio of the bridge for all test cases. The results from the equivalent mass modeling are also given in the table for comparison purpose.
It is clear that the experimental results show a decrease in natural frequency and an increase in modal damping ratio of the bridge as the number of TSs increases. As expected, results from the equivalent mass modeling indicate a decrease in natural frequency with increasing number of occupants. The equivalent mass model can capture the variation in fundamental natural frequency but it cannot illustrate the significant increase in structural damping. The results from straight-knees and bent-knees postures also indicate a decrease in the natural frequency, similar to that of the equivalent mass model. For straight-knees posture, the modal damping ratio increases from 0.94% (for single TS) to 1.45% (for 13 TSs). For bent-knees posture, the modal damping ratio of the structure monotonously increases from 2.2% (for single TS) to 9.57% (for 15 TSs). Moreover, one can observe that the fundamental frequency of the bridge is not sensitive to the postures of the occupants; however, it is noteworthy that the modal damping ratio of the occupied structure is very sensitive to the postures of the occupants. Much bigger values of the structural modal damping ratio could be observed for bent-knees posture than straight-knees posture under the same number of occupants. This finding is in accordance with the predictions in Figure 14 (a), which will be interpreted later.
It should be noted that only the modal damping ratios of the occupied bridge are presented here. The individual contribution of material damping, structural damping, and the influence of reinforcement has not been quantified in the current study due to the limitation of test equipment. Generally, the damping in a civil engineering structure can be composed of the following contributions: material damping, contact-surface damping, and structural damping [35] [36] [37] [38] [39] . Material damping is the energy dissipation within a material, due to deformation and/or displacement. Its physical causes are heat flows induced by deformation, slip effects, and microplastic deformations [35] . Contact-surface damping is caused by relative motions in the contact surfaces of joined components such as screwed, riveted, and clamped joints [35] . Structural damping includes the energy release to the surrounding medium, for example, bedding damping or slides [35] . In the following study, the authors will spare more effort on the damping issue to improve the results.
Theoretical Modeling
In this section, an analytical model of standing peoplestructure interaction system is developed.
The following assumptions are made before the derivation:
(1) The bridge can be treated as a simply supported Bernoulli-Euler beam, having a constant cross section. The span length, area of the cross section, flexural rigidity, and density are L, A, EI, and , respectively. Note. The results of equivalent mass model were obtained using the FE model attached with equivalent mass.
(2) The single human body could be modeled as a SDOF spring-mass-damper (SMD) system.
(3) The damping of the empty beam is relatively small compared with the human body and is ignored in this study.
(4) The biomechanical properties of human body are very complex, depending on postures, vibration level of the surrounding environment, and many others [1] . Besides, it differs among individuals. So it is really challenging to identify a determined value for a given posture for each individual. A statistical value for a certain posture derived from statistical test data sounds more realistic and meaningful. So in this study an average natural frequency and damping ratio of each posture of the standing people are used for all individuals.
The problem considered here can be described by using Figure 11 . For simply supported beam, the normalized jth modal shape of the beam is
where is the span length of the beam and the constant 1 is obtained by setting the modal mass to unity:
The displacement of the beam can be obtained using modal superposition method: 
where J is the number of terms in the series. The kinetic and potential energies of the system in Figure 11 are, respectively,
The Rayleigh dissipation function is
Using the representation of T, V, and D, the motion equation of the system in Figure 11 can be obtained by employing Lagrange's equations. The equation of motion is given as
where M, C, K, and q are defined as
where , = 1, 2, . . . , and , = 1, 2, . . . , .
Model Validation
Tracking Dynamic Properties of the System Using StateSpace
Method. For (6), the dynamic characteristics of the system could be obtained using the state-space method. Equation (6) can be converted to state-space form as follows [40] :
where S, R, and x are defined as
The solution of (8) is obtained by substituting {x} = { } into (8), resulting in the symmetric generalized eigenvalue problem:
in which and { } are the nth complex eigenvalue and its corresponding eigenvector of the 2( + ) eigensolutions. Eigenvalues of (10) would be obtained using complex modal analysis method [41] and the natural frequencies and damping ratios can be given as [26] 
eoretical-straight knees eoretical-bent knees
Experimental-straight knees Experimental-bent knees 
Comparisons of Theoretical Results with Experimental
Data. Parameters used in the numerical study are briefly illustrated below. The natural frequencies of 5.5 Hz in the normal posture and 2.75 Hz in the legs bent posture for standing human body suggested by Matsumoto and Griffin [20] are used. Due to the complex nature of the human body and the availability of experimental data in the literature, an average modal damping ratio = 0.4 suggested by Griffin [1] was used for both normal standing posture and knees bent posture. The span length of the bridge = 10.3 m, and its total mass is 3500 kg. Occupations' locations ( ) of each test scenario can be found in Figure 6 , and the body mass of each individual can be found in Table 2 . Figure 12 shows the comparison results of dynamic properties of the bridge between experimental data and simulated ones. It is clear that the theoretical results show similar trend to that of the experimental data for both natural frequency and modal damping ratio. A decrease in natural frequency and an increase in modal damping ratio are observed as the number of occupants increases. The simulated natural frequency and modal damping ratio of the occupied bridge agree well in general with the experimental results; even some discrepancy occurs. This discrepancy could be attributed to the assumption of identical properties of the vertical human body of each individual, which may differ from the actual cases. In general, the theoretical model developed in this paper can give a promising prediction of the variations of dynamic properties of the structure. Hence, the model can be used as an alternative to modeling the HSI. In the following analysis, the model is employed to further discuss the effect of some key factors on dynamic properties of the occupied structure.
Influence of Human Parameters: Numerical Results
Previous studies show that the occupants to structure mass ratios, occupants to structure frequency ratios, and many others will affect the dynamic properties of the occupied structures [11, 26] . Compared to the above-mentioned factors, the influence of human body parameters (especially damping properties and natural frequencies of standing human body) on dynamic properties of the occupied structure is rarely concerned. To this end, in this section, the effect of the human parameters on dynamic properties of the structure is discussed in detail using the model developed in Section 3.
Numerical example related to a real single-span steelconcrete composite bridge [42] is considered. The basic properties of the bridge are as follows: span length 16.2 m; total mass 13432 kg; the first two natural frequencies of the bridge 2.48 and 7.78 Hz.
The occupants are assumed to be uniformly distributed on the full length of the bridge. The mass, stiffness, and damping properties of the human body are assumed to be identical for each individual. The bridge is approximately treated as a simply supported beam, and the nth mode shape of the beam is given by ( ) = sin( / ). In engineering practice, we usually focus on the lower modes of the structure, so only the lowest two modes are considered herein.
Effect of Damping Properties of the Human Body.
As aforementioned, the damping properties of the human body vary depending on postures, vibration amplitude of the surrounding environment, and some other factors. An average damping ratio ranging from 0.3 to 0.5 for standing posture is suggested by Griffin [1] . To examine the effect of damping properties of human body on dynamic characteristics of the structure, three damping ratios of the standing human body, = 0.3, 0.4, and 0.5, are considered. The occupants are assumed to be uniformly distributed on the full length of the bridge with the density of = 2 p/m
2 . An average body mass of 70 kg and natural frequency of 5.5 Hz are used. Figure 13 shows the first two dimensionless natural frequencies and modal damping ratios of the bridge with respect to different damping properties of the human body. It is clear that the damping properties of the human body contribute little to the natural frequencies of the occupied bridge. For different body modal damping ratios, the frequency of the occupied bridge remains almost the same for the first mode (0.9 times of the empty structure, i.e., a −10% decrease), and the variation for the second mode is also small (0.97 to 1.01 for the second mode), which indicates that the natural frequencies of the occupied bridge are not sensitive to the damping properties of the human body. An increase in modal damping ratios could be observed for the first two modes. In the parameter scope of the present study, the variation of the damping ratio is within the scope of 1.5 to 1.8 for the first mode and 15.8 to 17 for the second mode. frequencies [1] . To examine the effect of natural frequency of human body on dynamic characteristics of the occupied structure, three natural frequencies of the standing human body, = 2.75 (bent-knees posture), 3.5 (one-leg posture), and 5.5 Hz (straight-knees posture), are considered. The occupants are assumed to be uniformly distributed on the full length of the bridge with the density of 2.0 p/m 2 . An average body mass of 70 kg and damping ratio of 0.4 are used. Figure 14 illustrates the first two dimensionless natural frequencies and modal damping ratios of the bridge with respect to different natural frequencies of the human body.
Effect of Natural
As shown in Figure 14 , the lowest two frequencies of the occupied bridge are not sensitive to the natural frequencies of the human body. However, the modal damping ratios of the occupied bridge are very sensitive to the natural frequencies of the human body. In the given parameter scope, the frequency of the bridge with occupants is 0.9 times that of the empty structure for the first mode (i.e., a −10% decrease) and 0.98 to 1 for the second mode. The variation of the modal damping ratio is within the scope of 1.7 to 9.6 for the first mode and 5.7 to 17 for the second mode.
Comparison of the three body natural frequencies indicates that the smaller the body natural frequencies, the bigger the first modal damping ratios and the smaller the second modal damping ratios. This can account for the experimental results presented in Table 3 and Figure 12 . As shown in Table 3 and Figure 12 , the first natural frequency of the occupied bridge is not sensitive to different postures, while much bigger values of modal damping ratio were observed for the bent-knees posture compared with the straight-knees posture. Moreover, a general decrease in natural frequencies and an increase in modal damping ratios for the first two modes could be observed from Figure 14 although the variation of the natural frequencies of the second mode is very small.
Conclusions
A purpose-built lively bridge was constructed. Model properties of the empty structure are obtained based on ambient vibration testing method. Experimental tests of the bridge attached with standing people were also conducted. A mathematic model of standing people-structure interaction system is developed and verified. It is shown that the model developed in this paper can effectively illustrate the experimental observations. Hence, the model can be used as an alternative to modeling the HSI.
Numerical examples show that the modal properties of the human body contribute remarkably to the structural damping but little to the natural frequencies of the occupied structure.
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